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Abstract
Coherent production of J/ψ mesons is studied in ultraperipheral lead-lead collisions
at a nucleon-nucleon centre-of-mass energy of 5 TeV, using a data sample collected by
the LHCb experiment corresponding to an integrated luminosity of about 10µb−1.
The J/ψ mesons are reconstructed in the dimuon final state and are required to
have transverse momentum below 1 GeV. The cross-section within the rapidity
range of 2.0 < y < 4.5 is measured to be 4.45± 0.24± 0.18± 0.58 mb, where the
first uncertainty is statistical, the second systematic and the third originates from
the luminosity determination. The cross-section is also measured in J/ψ rapidity
intervals. The results are compared to predictions from phenomenological models.
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In ultra-relativistic collisions of heavy-nuclei at the LHC, vector mesons can be produced
through two-photon and photonuclear interactions in ultraperipheral collisions (UPCs),
where the impact parameter of the two nuclei collision is larger than the sum of their
radii. The cross-sections for photon-induced reactions are large because the intensity of
the photon flux is enhanced by the strong electromagnetic field of the nucleus, which
increases with the square of the atomic number. The interactions are either coherent,
where the photon couples to all nucleons, or incoherent, where the photon couples to a
single nucleon. In the incoherent case the nucleus is likely to break up, leading to a higher
transverse momentum, pT, of the meson.
Coherent J/ψ -meson production in UPCs can be described by the interaction of
photons with gluons, identified as a single object with vacuum quantum numbers, which
in the Regge theory is referred to as pomeron (IP) [1–5]. An illustration of this process
is given in Fig. 1. This interaction probes the gluon distribution at a hard momentum
transfer Q2 of about m2J/ψ/4, where mJ/ψ is the J/ψ mass [6, 7].
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In this paper, a measurement of coherent J/ψ production is reported in lead-lead
collisions at a nucleon-nucleon centre-of-mass energy of
√
sNN = 5 TeV collected with
the LHCb detector in 2015, corresponding to an integrated luminosity of about 10µb−1.
Results of UPC studies have also been reported by RHIC and LHC experiments [8–15].
The forward rapidity range 2.0 < y < 4.5 covered by the present measurement corresponds
to values of the Bjorken variable x ≈ (mJ/ψ/
√
sNN)e
±y down to 10−5. At these x values,
current uncertainties on the gluon distributions inside the nucleon are sizeable [16, 17],
thus new measurements should reduce the uncertainties [18–20].
The paper is organised as follows. The LHCb detector and the event selection are
described in Sec. 2. The analysis strategy and the systematic uncertainties are discussed











Figure 1: Illustration of the (left) coherent scatter with the lead nucleus and (right) incoherent
interaction with a single nucleon leading to exclusive production of J/ψ mesons in ultraperipheral
heavy-ion collisions. The symbol Pb’ represents any final state for the nucleus inelastic scattering
in the incoherent process.
1In this paper natural units where c = 1 are used.
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UPCs are detailed in Sec. 5. Conclusions are given in Sec. 6.
2 Detector description and candidate selection
The LHCb detector [21, 22] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector (VELO) surrounding the interaction region, a silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three
stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet.
The tracking system provides a measurement of momentum, p, of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV. The
VELO has a material budget of one fifth of a radiation length that allows reconstruction
and rejection of events with additional low-momentum tracks [23]. Different types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors. Photons, electrons and hadrons are identified by a calorimeter system consisting
of scintillating-pad (SPD) and preshower (PRS) detectors, an electromagnetic calorimeter
and a hadronic calorimeter. Muons are identified by a system composed of alternating lay-
ers of iron and multiwire proportional chambers. The pseudorapidity coverage is extended
by forward shower counters (HeRSCheL) consisting of five planes of scintillators with
three planes at 114, 19.7 and 7.5 m upstream of the interaction point, and two downstream
at 20 and 114 m. The HeRSCheL detector significantly extends the acceptance in which
hadron showers can be detected to classify central exclusive production and UPC events
by covering a pseudorapidity region of approximately −10 < η < −5 and 5 < η < 10 [24].
The real-time event selection is performed by a trigger, which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction.
In this analysis, J/ψ candidates are selected through their decay into two oppositely
charged muons. The events are selected by the trigger system, requiring information from
the muon system to be compatible with at least one muon with pT larger than 900 MeV at
the hardware level, and the invariant mass of the two muons, mµ+µ− , exceeding 2.7 GeV
at the software level. In the offline selection, candidates are identified by requiring both
muons to have pT > 800 MeV within the pseudorapidity region 2.0 < η < 4.5, and mµ+µ−
to be within 65 MeV of the known J/ψ mass [25]. Only J/ψ candidates with reconstructed
pT < 1 GeV and an azimuthal opening angle between the muons larger than 0.9π are
retained.
In order to suppress background from more central lead-lead collisions, events with
more than 20 deposits in the SPD are vetoed. In addition, events with an extra VELO
track in the spatial vicinity of the reconstructed J/ψ candidate are rejected. Finally, a
requirement on the activity in the HeRSCheL detector, based upon a figure-of-merit that
combines detector signals of all stations [24], is used to discard events with significant
activity in the HeRSCheL acceptance region.
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3 Cross-section measurement







where ncoh is the signal yield, εy is the total efficiency in each rapidity interval, ∆y is the
rapidity interval width, L is the integrated luminosity, and B = (5.961± 0.033)% is the
J/ψ→ µ+µ− branching fraction [25].
The luminosity is determined with the same method as for proton-proton
collisions [26, 27]. The leading source of systematic uncertainty is the unexplained de-
pendence of the luminosity ratio on the value of the actual observable. The integrated
luminosity of the data sample is determined to be 10.1 ± 1.3µb−1, where the absolute
calibration is performed with Van der Meer scans [27].
3.1 Signal yield determination
The signal yield is determined in two steps. First, a fit to the dimuon invariant mass
spectrum is performed to obtain the J/ψ yield, which includes the contribution of coherent
and incoherent J/ψ mesons, and feed-down from J/ψ mesons originating from ψ(2S)
decays. Second, a fit to the J/ψ transverse momentum is used to isolate the coherent J/ψ
yield.
The yield of J/ψ mesons is estimated by fitting the dimuon invariant mass distribution
to signal and background components. The J/ψ and ψ(2S) mass shapes are modelled by
double-sided Crystal Ball functions [28], and the nonresonant background by an exponential
function multiplied by a first-order polynomial function. The ψ(2S) parameters, aside
from the mean, are constrained to be the same as for the J/ψ meson. The fit is performed
in the range 2.7 < mµ+µ− < 4 GeV. The dimuon mass distribution along with the fit
projection is shown in Fig. 2.
For the determination of the coherent yield two resonant background sources are con-
sidered: incoherent J/ψ photoproduction and J/ψ meson feed-down from photoproduced
ψ(2S) decays. In order to determine the signal yield in the presence of these backgrounds,
an unbinned maximum-likelihood fit to the natural logarithm of the transverse momentum
squared, log(p2T), of J/ψ candidates inside the chosen mass window is performed. The
signal and background probability density functions are estimated using the STARlight
generator [2] and the LHCb detector simulation. The amount of nonresonant background
is constrained by the dimuon invariant mass fit. The feed-down background is assumed to
have the same log(p2T) distribution as simulated ψ(2S)→ J/ψπ+π− decays, where the J/ψ
is reconstructed and both pions escape the rejection requirements on additional tracks.
Figure 3 shows the log(p2T) data distribution along with the fit projection in the rapidity
interval 2.5 < y < 3. All J/ψ yields are reported in Table 1.
3.2 Efficiency determination
For any given J/ψ rapidity interval, the total efficiency is evaluated as the product of the
acceptance and the reconstruction and selection efficiencies. The acceptance includes the
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Figure 2: The dimuon invariant mass spectrum in the range between 2.7 and 4.0 GeV. The
contribution of J/ψ (solid purple line) and ψ(2S) (solid dark green line) mesons, and non-resonant
background (dashed black line) are shown individually along with the sum of all contributions
(solid orange line).
Table 1: Total and coherent J/ψ yields after the invariant mass and the transverse momentum
fits, in J/ψ rapidity intervals.
Rapidity y Total J/ψ yield Coherent J/ψ yield
2.0− 2.5 69± 9 53± 8
2.5− 3.0 208± 15 153± 14
3.0− 3.5 233± 16 176± 15
3.5− 4.0 131± 12 95± 11
4.0− 4.5 32± 6 12± 5
using a sample of coherently photoproduced J/ψ → µ+µ− events produced with the
STARlight event generator. The reconstruction efficiency includes track reconstruction
and muon identification. The selection efficiency includes requirements on the SPD
deposits, VELO track multiplicities, and dimuon invariant mass. The hardware trigger
efficiency is determined using simulated events, calibrated with data. The software trigger
efficiency is measured using J/ψ candidates in events selected with a minimum bias
trigger requiring at least one VELO track. Partially reconstructed inclusive J/ψ→ µ+µ−
candidates from proton-proton collision data at a centre-of-mass energy
√
s=13 TeV are
used to evaluate the tracking efficiency [29]. The muon identification efficiency has been
determined from simulated events generated with the STARlight generator in lead-lead
collisions and validated with lead-lead data.
The dimuon invariant mass requirement efficiency is determined using the integral of the
double-sided Crystal Ball function. A similar method is used to determine the efficiencies
of the multiplicity requirements on the VELO tracks and SPD deposits. The veto efficiency
of the HeRSCheL detector activity is evaluated with a sample of nonresonant dimuon
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Figure 3: The log(p2T) distribution of dimuon candidates in the interval 2.5 < y < 3.0, with
pT given in GeV, after all requirements have been applied. The solid orange line represents
the combined fit to data; the solid blue line shows the coherent contribution; the incoherent
component is displayed by the dashed red line; and the dashed green (black) line shows the
feed-down (nonresonant) components.
events, and comparing the number of events satisfying and failing the requirement. The
total efficiency for this selection is about 90%.
4 Systematic uncertainties
Systematic uncertainties on the measured cross-section are considered from the integrated
luminosity calculation, the determination of the muon reconstruction and selection effi-
ciencies, the trigger efficiency, the mass fit signal model, the modelling of the feed-down
background, and the knowledge of the J/ψ → µ+µ− branching fraction. They are de-
scribed below and summarised in Table 2. The largest uncertainty originates from the
integrated luminosity determination and is estimated to be 13%.
The uncertainties related to the J/ψ reconstruction efficiency include effects on the
track reconstruction and muon identification, and they are dominated by the limited size
of the control sample. Several contributions to the selection efficiency are considered. The
impact of the requirement on the SPD multiplicity is estimated from a data control sample.
Effects related to the dimuon invariant mass efficiency are taken from the uncertainty
of the integral of the double-sided Crystal Ball function. The inefficiency of the VELO
track multiplicity requirement is found to be negligible and no uncertainty is assigned.
The uncertainty due to the HeRSCheL selection is estimated by comparing the efficiency
evaluated in different samples, selected by applying requirements that do not affect the
signal.
The efficiency of the hardware trigger is determined from simulated events. It is
compared to the efficiency obtained on a smaller data sample selected by independent
triggers, and the difference is taken as systematic uncertainty. The software-stage trigger
efficiency evaluation is cross-checked with an independent estimation based on data, where
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Table 2: Systematic uncertainties considered for the differential cross-section measurement
of coherent J/ψ production, relative to the central value. Uncertainty ranges correspond to
variation over the rapidity intervals. The dominant uncertainty arises from the luminosity
determination and is correlated over all intervals.
Source Relative uncertainty (%)
Luminosity 13.0
J/ψ reconstruction efficiency 1.7–4.8
Selection efficiency 1.7
HeRSCheL requirement efficiency 1.0
Hardware trigger efficiency 1.0
Software trigger efficiency 1.0
Mass fit model 1.0− 1.6
Feed-down background 0.4− 1.0
J/ψ branching fraction 0.6
events are selected with a different trigger requirement. The efficiencies are consistent
within statistical uncertainties, which are used to assign a systematic uncertainty.
Possible cross-section variations associated to the signal model in the fit to the dimuon
invariant mass spectrum is assessed using an alternative model. A Bukin function [30] is
used for the signal and the difference in the signal yields with respect to the default fit is
assigned as uncertainty.
In order to estimate the systematic uncertainty due to the feed-down component, the
J/ψ candidate selection is modified to select a mixture of coherently and incoherently
produced ψ(2S)→ J/ψπ+π− events. After requiring the reconstructed mass of the ψ(2S)
candidates to be within 65 MeV of the known ψ(2S) mass [25], 22 candidates are obtained.
In the simulation, ψ(2S)→ J/ψπ+π− events are used as a proxy for all ψ(2S)→ J/ψX
feed-down. The ratio between ψ(2S)→ J/ψπ+π− candidates, where the pions left no
VELO track, and fully reconstructed candidates is determined and scaled assuming that
ψ(2S)→ J/ψπ+π− events are representative for all ψ(2S)→ J/ψX events. From this ratio
and the J/ψ yield, the number of J/ψ→ µ+µ− candidates originating from ψ(2S) decays
in the signal sample is determined to be 42.5± 9.1. This yield is assigned to the different
intervals in meson rapidity using a template from simulated coherent ψ(2S)→ J/ψπ+π−
events. The uncertainty is dominated by the limited size of the data sample.
5 Results and discussion
Using Eq. (1), the cross-section for coherent J/ψ production within the fiducial region is
determined to be
σ = 4.45± 0.24± 0.18± 0.58 mb,
where the first uncertainty is statistical, the second is systematic and the third is due to
the luminosity determination. The J/ψ candidates are reconstructed from dimuon final
states, where the muons are detected within the pseudorapidity region 2.0 < η < 4.5
and the J/ψ meson is required to have pT < 1 GeV and 2.0 < y < 4.5. The coherent
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Table 3: Measured cross-section σ with breakdown of statistical, systematic and luminosity
uncertainties measured as a function of the J/ψ rapidity. Note that the cross-sections are not
normalised by the y interval width.
y interval σ [ mb] Stat. [ mb] Syst. [ mb] Lumi. [ mb]
2.0− 4.5 4.45 0.24 0.18 0.58
2.0− 2.5 1.35 0.19 0.06 0.17
2.5− 3.0 1.09 0.09 0.05 0.14
3.0− 3.5 0.89 0.07 0.04 0.12
3.5− 4.0 0.65 0.06 0.03 0.08
4.0− 4.5 0.48 0.09 0.02 0.06
differential J/ψ production cross-section, measured in J/ψ rapidity intervals, is given in
Table 3. A comparison with theoretical predictions discussed below is shown in Fig. 4.
In the model of Gonçalves et al. [4, 31], the cross-section is calculated within the
framework of the Colour-Dipole model. Three different parametrisations of the dipole-
proton cross-section (IIM, IP-SAT, bCGC), including saturation effects at low Bjorken-
x, are combined with two different models of vector-meson wave functions, namely
boosted Gaussian (BG) and Gauss-LC (GLC). All the parameters are tuned using HERA
data [32–34]. The solid (dashed) curves in Fig. 4 correspond to the IP-SAT+GLC
(IIM+BG) model. The combination of IIM [35] with the boosted Gaussian wave function
is disfavoured by the data.
The model from Cepila et al. [36] is a variation of the Colour-Dipole model. The
main differences with respect to Gonçalves et al. come from the parametrisation of
the dipole-proton cross-section and the prescription used to propagate it to the dipole-
nucleus scattering amplitudes. In this model, the Glauber-Gribov methodology (GG) or
a geometric scaling between the nuclear saturation scale and the saturation scale in the
proton (GS) are used. Both prescriptions are able to describe the data.
In the model proposed by Mäntysaari et al. [37], the cross-section is also calculated
using the Colour-Dipole model including subnucleon scale fluctuations. Predictions with
and without subnucleonic fluctuations using the IP-SAT parametrisation for the dipole-
proton cross-section and the GLC for the vector-meson wave function are compared to
this measurement. Both prescriptions are able to describe the data.
The model provided by Guzey et al. [1] is based on a perturbative QCD calculation.
The coherent J/ψ production cross-section on a proton target is calculated at leading
order within the leading-log approximation. Different models for the nuclear structure are
used: weaker (LTA W) and stronger (LTA S) nuclear shadowing scenarios with a leading
twist nuclear shadowing model [38] as well as EPS09 [16] nuclear parton distribution
functions. The measurement can be described by these models.
6 Conclusions
The coherent J/ψ production cross-section in lead-lead collisions at
√
sNN = 5 TeV, using
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Figure 4: Differential cross-section as a function of rapidity for coherent J/ψ production compared
to different phenomenological predictions [1,4,31,36,37]. The measurements are shown as points,
where inner and outer error bars represent the statistical and the total uncertainties, respectively.
luminosity of about 10µb−1, is measured to be 4.45±0.24±0.18±0.58 mb, where the first
uncertainty is statistical, the second is systematic and the third is due to the luminosity
determination. The measurement uses J/ψ mesons reconstructed in the dimuon final state
with pT < 1 GeV and 2.0 < y < 4.5, where muons are detected within the pseudorapidity
region 2.0 < η < 4.5. The cross-section is also measured in five J/ψ rapidity intervals and
the results are compared to predictions from different phenomenological models. Future
measurements with different mesons and larger data samples will further constrain these
models.
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